Introduction
============

Integrated sensors for biological application and a variety of molecular-sensing schemes characterized by electrochemistry, refractive index, UV absorption, and luminescence have been devised in an effort to understand the spatio-temporal interplay of biomolecules in biology \[[@B1]-[@B4]\]. In particular, luminescent labeling for cellular imaging and assay detection is a standard technique used to understand the interaction of biomolecules in biology \[[@B5]-[@B7]\]. However, organic dyes, luminescent proteins or lanthanide chelates as bio-labeling agents may cause problems such as broad spectrum profiles, low photo-bleaching thresholds, and poor photochemical stability.

Ce^3+^-doped terbium aluminum garnet (Tb~3~Al~5~O~12~:Ce^3+^, TAG:Ce^3+^), which has been widely used as a white solid-state light emitting device, may be an alternative label to overcome these problems because of its chemical and thermal stability \[[@B8]\]. We believe that TAG:Ce^3+^ nanocrystal can be substituted for chalcogenide phosphor as a bio-label for several reasons. Not only does TAG:Ce^3+^ have the potential to obtain luminescent quantum efficiency up to 40% by the allowed 4f → 5d transition of Ce^3+^, but it is also considered as a nontoxic material \[[@B9]\]. In addition, in the in vivo experiment, the cells are not degraded by blue light, the excitation source for emission from TAG:Ce^3+^.

Generally, the conventional solid-state reaction method has been used to fabricate TAG:Ce^3+^ crystal. However, this method requires a relatively long processing time and temperature over 1500 °C to obtain single-phase product. Moreover, there have been few reports on the preparation of nano-sized TAG:Ce^3+^ crystals \[[@B10]\]. Under these circumstances, a novel preparation method for TAG:Ce^3+^ nanocrystal would be greatly valuable. One novel technique for synthesizing TAG:Ce^3+^ nanocrystals is pulsed laser ablation (PLA) in liquid media. This technique provides remarkable advantages: simplicity in the synthesis process, the availability of various liquid media, and the absence of chemical reagents in solution \[[@B11]-[@B13]\]. Moreover, PLA is a convenient technology for synthesize nanostructured materials, and some researchers have made achievements on this research field \[[@B14]-[@B16]\].

In general, luminescence efficiency of phosphor materials goes down with diminution of crystallite size into nanometer range, because an increase in surface-to-volume ratio seriously induces nonradiative processes related to surface defects. In our previous report, Ce^3+^-doped yttrium aluminum garnet (YAG:Ce^3+^) nanoparticles were successfully fabricated by laser ablation in de-ionized water \[[@B17]\]. However, luminescence efficiency was considerably low compared to bulk target, which were due to increased surface defects. Therefore, it is necessary to cap such defects by an appropriate surfactant to enhance luminescence efficiency. In this work, we report a new synthetic approach to directly produce highly dispersed and strongly luminescent TAG:Ce^3+^ colloidal nanocrystals for application to luminescent bio-labeling by PLA in aqueous solution. Moreover, the change of 5d electron energy level of Ce^3+^ in nanoscaled TAG crystal, which has attracted much discussion in recent years \[[@B18],[@B19]\], was investigated in detail.

Experimental
============

A cerium 3 mol% doped TAG:Ce^3+^ target ((Tb~1−*x*~Ce~*x*~)~3~Al~5~O~12~*x* = 0.03) was fabricated by spark plasma sintering (SPS) method at 1400 °C for 5 min. The fabricated TAG:Ce^3+^ target was fixed in the bottom of a glass vessel containing 5 mL high-purity de-ionized water and solution of lauryl dimethylaminoacetic acid betaine (LDA, 10^−2^ mol/L) as an amphoteric surfactant. Although a number of surfactants are widely used in laser ablation process, the LDA have been reported to lead to smaller average size and narrow distribution, as well as enhanced emission intensity \[[@B20]\]. The fixed target was irradiated by a Nd:YAG pulse laser (repetition rate of 30 Hz, pulse width of 5--7 ns, maximum output of 60 mW) with the third harmonic wavelength (355 nm). The laser was focused on a spot 1 mm in diameter on the TAG:Ce^3+^ target with a focal length of 250 mm. The target was rotated during laser ablation to avoid deep ablation traces by continuous irradiation of the laser beam. Laser ablation of the TAG:Ce^3+^ target was carried out for 1 h at room temperature. Figure [1](#F1){ref-type="fig"} illustrates the laser ablation process in liquid medium for preparation of TAG:Ce^3+^ nanocrystals.

![Schematic diagrams representing PLA of target in liquid medium. The insets illustrate TAG:Ce^3+^colloidal suspensions prepared by PLA in de-ionized water and LDA solution for 1 h excited by an UV lamp](1556-276X-4-888-1){#F1}

The colloidal suspension was dropped on a copper mesh coated with amorphous carbon film to observe the microstructure and shape of nanocrystals by a transmission electron microscope (JEOL JEM-2010). The size of the nanocrystals was statistically analyzed using 160 nanoparticles in an TEM image. The precipitates of colloidal suspension were repeatedly centrifuged at 30,000 rpm by an ultracentrifuge (Hitachi CS100GXL) for the X-ray diffraction (XRD, Rigaku RAD-C, Cu*K*α radiation) and X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI-5600ci) measurement. The binding energy was determined with reference to the C 1s line at 184.6 eV of adventitious carbon. Standard atomic concentration calculation provided content of doped Ce atoms in the colloidal nanocrystals. Luminescence spectra of the TAG:Ce^3+^nanocrystal-dispersed suspensions were measured using a fluorescence spectrometer (PerkinElmer LS-45) at room temperature. The excitation wavelength used for measuring emission spectra was 460 nm, and the excitation spectra were measured at emission maxima.

Results and Discussion
======================

Synthesis of TAG:Ce^3+^Colloidal Nanocrystals
---------------------------------------------

Figure [2](#F2){ref-type="fig"}shows XRD patterns of the TAG:Ce^3+^nanocrystals collected from colloidal suspensions prepared by PLA in (a) de-ionized water and (b) LDA solution. Bragg reflection peaks of the nanocrystals corresponded to the cubic structured TAG:Ce^3+^without any peaks assigned to Tb~2~O~3~, Al~2~O~3~, TbAlO~3~, or Tb~2~Al~4~O~9~phases. The TAG:Ce^3+^nanocrystals formed in de-ionized water had some amorphous phase. However, in the case of LDA solution, the broad amorphous component was diminished and crystallinity was improved compared to the case of de-ionized water.

![XRD patterns of the TAG:Ce^3+^nanocrystals prepared by PLA in**a**de-ionized water and**b**LDA solution. The inset depicts the XRD pattern of TAG:Ce^3+^bulk target fabricated by SPS](1556-276X-4-888-2){#F2}

The crystal morphology, crystal size, and crystallinity were observed more closely by TEM. Figure [3](#F3){ref-type="fig"}represents typical TEM micrographs of TAG:Ce^3+^colloidal nanocrystal prepared by PLA in (a) de-ionized water and (b) LDA solution with corresponding electron diffraction patterns. The morphology of the nanocrystals prepared in de-ionized water (a) indicated that spherical aggregates coexisted with dispersed spherical nanocrystals. Corresponding selected area electron diffraction (SAED) patterns revealed diffused characteristic ring patterns, which confirmed the presence of an amorphous phase. Compared to the case of de-ionized water, smaller, and more highly dispersed TAG:Ce^3+^nanocrystals were obtained in LDA solution as shown in Fig. [3](#F3){ref-type="fig"}(b). The SAED patterns of TAG:Ce^3+^colloidal nanocrystal prepared in LDA solution as shown in inset of Fig. [3](#F3){ref-type="fig"}(b) revealed bright polycrystalline diffraction rings, and lattice spacings derived from the diffraction rings were in agreement with the cubic structured TAG:Ce^3+^.

![Typical TEM micrographs of TAG:Ce^3+^colloidal nanocrystal prepared by PLA in**a**de-ionized water and**b**LDA solution with corresponding electron diffraction patterns](1556-276X-4-888-3){#F3}

Figure [4](#F4){ref-type="fig"}compares the crystal size distribution of the TAG:Ce^3+^nanocrystal prepared in (a) de-ionized water and (b) LDA solution by randomly measuring diameters of 160 nanocrystals on the TEM images. Average nanocrystal size in de-ionized water was 11.64 nm with a standard deviation of 7.48 nm. However, TAG:Ce^3+^nanocrystals prepared in LDA solution exhibited a smaller average size of 6.47 nm and a narrower size distribution of 2.63 nm in standard deviation. Above-mentioned experimental results of XRD, TEM, and size distribution prove that the LDA molecules have important influence on the crystallization and agglomeration process of TAG:Ce^3+^nanocrystals during the PLA in aqueous media.

![Size distribution of the prepared TAG:Ce^3+^colloidal nanocrystals prepared by PLA in**a**de-ionized water and**b**LDA solution. Av and SD denote the average crystallite size and standard deviation value, respectively](1556-276X-4-888-4){#F4}

The surface composition of the TAG:Ce^3±^ nanocrystals prepared in de-ionized water was analyzed using XPS. Figure [5](#F5){ref-type="fig"}(a--d) presents the high resolution XPS spectra of the Tb 4d (a), Al 2p (b), O 1s (c), and Ce (3d), respectively. The binding energies of the Tb, Al, and O were well in agreement with reported values \[[@B21],[@B22]\]. The Ce 3d feature in Fig. [5](#F5){ref-type="fig"}(d) shows a complex structure consisting of Ce 3d~5/2~ and Ce 3d~3/2~ spin-orbit doublet around 885.6 and 904.4 eV, respectively \[[@B23]\]. The XPS spectra of the TAG:Ce^3±^ nanocrystals prepared in LDA solution showed analogous bonding characteristics with prepared in de-ionized water. The calculated chemical compositions of Ce in the TAG:Ce^3±^ nanocrystals prepared in de-ionized water and LDA solution were 0.080 and 0.085, respectively, which corresponds well to the doping concentration of bulk target (0.090).

![The XPS spectra of the**a**Tb 4d,**b**Al 2p,**c**O 1s, and**d**Ce 3d region in TAG:Ce^3+^colloidal nanocrystals prepared in de-ionized water](1556-276X-4-888-5){#F5}

According to previous studies of laser ablation at liquid--solid interfaces \[[@B24]-[@B26]\], the initial stage of interaction between the pulsed laser beam and the target surface generates hot-plasma plume over the laser spot on the ceramic target, resulting in intense evaporation from the melt surface, similar to that of PLA in the gas phase or vacuum background. However, because the plasma is confined in the liquid during the laser ablation, it expands outside adiabatically at a supersonic velocity creating shock waves in front, which induces elevated pressure and further increase of plasma temperature. This extremely high transient pressure in the plasma plume can lead to forceful impingement of the ablated species on the confining liquid. In our case, the active species of TAG:Ce^3+^ nanoclusters could strongly react with water molecules at the interfacial region between the plasma and liquid. The initially generated plasma plume is called hot-plasma zone, and the expanded plasma--liquid interfacial region is called reactive quenching zone. This initial cluster served as nuclei and rapidly quenched into the liquid solution together with other radicals or ions such as OH^·^ and H^+^. It was most likely that the directly quenched cluster of TAG:Ce^3+^ had an amorphous phase due to the transient reaction and rapid quenching. In addition, the quenched clusters in the solution generally had a positively charged surface, because oxygen vacancies were generated easily as a result of the dissociation of oxygen induced by instantaneous high temperature over melting temperature during laser ablation. The pH measurement demonstrated that the liquid solutions were changed from a neutral state (6.8) to a weak acidic state (5.0) after laser ablation.

In the following liquid zone, the surfactant played an important role in the further growth of clusters and inhibition of their aggregation. In de-ionized water, a stable micelle structure on surfaces of the TAG:Ce^3+^cluster did not form; therefore, seriously agglomerated nanocrystals containing amorphous phase was obtained as shown in Fig. [3](#F3){ref-type="fig"}(a). However, the LDA molecule, CH~3~(CH~2~)~11~N^+^(CH~3~)~2~CH~2~COO^−^, had a local negative charge at the end of its hydrophilic group. Therefore, the LDA molecules surrounded the TAG:Ce^3+^nanocrystals and formed bilayer-micelles as a result of the electric attractive force between the positive surface of the TAG:Ce^3+^nanocrystals and the negative charge of the LDA molecules as illustrated in Fig. [6](#F6){ref-type="fig"}. These bilayer-micelles enabled highly dispersed stable colloidal nanocrystals with reduced surface defects, higher crystallinity, and smaller crystallite size.

![Schematic diagram describing influence of**a**water and**b**LDA molecules on aggregation process of TAG:Ce^3+^nanocrystals during PLA in liquid](1556-276X-4-888-6){#F6}

Luminescence and Blue-Shift Phenomena of TAG:Ce^3+^Colloidal Nanocrystals
-------------------------------------------------------------------------

Figure [7](#F7){ref-type="fig"}(a, b) depicts the excitation and emission spectra of the TAG:Ce^3+^colloidal nanocrystals prepared by PLA in de-ionized water and in LDA solution, respectively. The luminescence spectra of the bulk target used for PLA are presented in Fig. [7](#F7){ref-type="fig"}(c) for comparison with those of nanocrystals. The emission intensities of the nanocrystals prepared in de-ionized water was about 30% of the bulk target. The low emission intensity may be originated from the increased nonradiative process in defective surface layer with decrease of crystal size. However, a remarkable enhancement of the emission spectrum up to 70% of the bulk target was observed in the TAG:Ce^3+^colloidal nanocrystals prepared in LDA solution. This enhancement was not due to the difference in the amount of generated nanocrystals, since the weight of the products was nearly the same for both cases. This result indicated that LDA molecules can passivate surface oxygen defects. LDA is an amphoteric surfactant that possesses a localized negative charge on the oxygen in the carboxyl ion and a localized positive charge on the nitrogen. Therefore, it can be considered that LDA adsorbed on the surface of TAG:Ce^3+^colloidal nanocrystals can effectively passivate oxygen defect, which is consistent with the explanation for higher crystallinity, better dispersion, and narrower crystallite size distribution.

![Excitation and emission spectra of the TAG:Ce^3+^colloidal nanocrystals prepared in**a**de-ionized water and**b**LDA solution. The PL spectra of bulk target are shown in (**c**) for comparison with those of nanocrystals prepared by PLA](1556-276X-4-888-7){#F7}

Moreover, it was clearly observed that the excitation and emission spectra of TAG:Ce^3+^ colloidal nanocrystals were shifted to the blue wavelength region compared to those of the bulk target. There have been many reports \[[@B27],[@B28]\] on the blue-shift phenomena in the luminescent spectra of nano-scaled semiconductor materials. However, few reports have focused on nano-sized rare-earth doped phosphor materials. The mechanism of luminescence in the semiconductor is the recombination of electrons in the conduction band and holes in the valence band. A larger band-gap is necessary for quantum confinement to cause the blue-shift in luminescence. However, the luminescence in TAG:Ce^3+^ is due to the transition between energy levels of Ce^3+^ atoms as the luminescence center \[[@B8]-[@B10]\]. Therefore, a different interpretation is required to explain the blue-shifts in the luminescence spectra of the TAG:Ce^3+^ nanocrystals.

Figure [8](#F8){ref-type="fig"}(a) presents a schematic diagram for explanation of blue-shifts in the excitation and emission spectra of TAG:Ce^3+^nanocrystals. A Ce^3+^atom has only one electron in 4f orbital, therefore, the electron is excited into a 5d orbital, leaving the 4f shell empty. Based on the energy diagram, the luminescent shift of TAG:Ce^3+^depends on two parameters of Ce^3+^: the shift of energy centroid (*E*~c~) in the 5d orbit and the effect of the crystal field splitting (*E*~cf~). In Fig. [8](#F8){ref-type="fig"}(a), the center of gravity (centroid) of the 5d configuration in a polarizable matrix is lower than that in the free ion (4f centroid is zero of energy labeled Δ*E*~c~), and the 5d energy level is split by cubic crystal field into two levels by a gap of 10 *Dq*.

![**a**Schematic diagram for change in Ce^3+^energy level of TAG:Ce^3+^nanocrystal and blue-shift in luminescence.**b**Dependence of the 5d energy level of Ce^3+^on bond distance in a cubic crystal structure](1556-276X-4-888-8){#F8}

In the TEM results of Fig. [3](#F3){ref-type="fig"}, the average particle sizes of prepared TAG:Ce^3+^ colloids were 9.3 nm in de-ionized water and 5.6 nm in LDA solution. Generally, the diminution of crystallite size to nanoscale is closely related with the decrease of the unit cell induced by high surface tension. That is to say, the unit cell of TAG:Ce^3+^ nanocrystals becomes smaller with decrease of crystallite size, which is in accord with the calculated lattice parameters by XRD \[[@B29]\]. According to crystal field theory, the contraction of a unit cell must increase the crystal field around Ce^3+^, and the greater crystal field splitting energy in the 5d orbital of Ce^3+^ can extend the emission band to longer wavelength \[[@B30]\]. In general, the centroid shift of the 5d configuration is calculated by a ligand polarization model \[[@B30],[@B31]\] providing values for the spectroscopic polarizability of the anion ligands. In this model, the difference of 5d ↔ 4f centroid changes by the amount

where 〈 〉 denotes the expectation value with respect to the subscript eigenstate, and *α* is the polarizability of the ligand located at a distance *R* from Ce^3+^ in a lattice. This model demonstrates the general red-shifting phenomena of rare-earth doped nanocrystalline compounds. These red-shifting phenomena in 4f ↔ 5d transitions have been observed in several Ce^3+^-doped compounds \[[@B32],[@B33]\] and interpreted by this crystal field model. However, with this model, it is difficult to interpret the blue-shifting luminescence spectra observed in our TAG:Ce^3+^ colloidal nanocrystal.

In this study, a phenomenological crystal-field model adjusted by the covalency factor \[[@B34],[@B35]\] was introduced to explain the blue-shift in TAG:Ce^3+^ colloidal nanocrystals. In our model, the crystal field splitting, 10 *D*~*q*~, includes contributions of the point-charge, lattice-induced dipole, self-induced dipole, and antibonding-overlap term. The antibonding-overlap contribution to 5d energies consisted of antibonding, exchange, and classical overlap; the latter two made the ligand look attractive, therefore giving negative contributions to both 10 *D*~*q*~ and Δ*E*~c~. In predicting the qualitative behavior of the system, it was assumed that net antibonding-overlap contributions to both 10 *D*~*q*~ and Δ*E*~c~ were positive. The justification for this assumption was provided by Phillips \[[@B36]\], who argued on general grounds that metal--ligand overlap gives rise to the "nonorthogonality" and "renormalization" terms. These terms lead to an effective repulsion that approximately cancels the classical overlap and exchange. Physically to say, this is Pauli repulsion, since the necessity of orthogonalizing Ψ~a~ and Ψ~b~ is a reflection of the Pauli principle as:

where Φ is a metal orbital, χ is a ligand--complex orbital, and *S* is the group overlap \<Φ\|*χ*\>. The above terms affects the energy eigenvalues of the individual levels and the centroid energy as well. Therefore, the centroid energy and crystal-field splitting energy adjusted by repulsion factor can be written as:

where it is assumed that both π antibonding energy for the *t*~2*g*~ level and σ antibonding energy for the *e*~*g*~ level vary exponentially with the nearest-neighbor distance *R* with the same decay distance *b*. In effect, *C*~1~*C*~2~*C*~3~*AB*, and *b* are phenomenological parameters adjusted to the measured dependence of 10 *Dq* and Δ*E*~c~ on *R* in a series of iso-structural hosts.

Figure [8](#F8){ref-type="fig"}(b) depicts the dependence of 5d energy levels and their centroid on bond distance for a cubic structure qualitatively using Eq. (1--3). The range of bond distances in Fig. [8](#F8){ref-type="fig"}(b) can be divided into three regimes, which are distinguishable in terms of qualitative dependence on the lattice constant. First, in the covalency negligible regime ①, both the*t*~2*g*~level and the 5d centroid decrease as the lattice constant decreases. In the covalency intermediate regime ②, the 5d centroid begins to rise with decreasing lattice constant; the*t*~2*g*~level is near the minimum of the curve as shown in Fig. [8](#F8){ref-type="fig"}(b), and is therefore insensitive to the lattice constant. It is clear that in the covalency dominant regime ③, the*t*~2*g*~level rises with decreasing lattice constant due to overwhelming antibonding and exclusive effects.

The decrease of bond distance from regimes ① to ② increases the crystal splitting energy and lowers the centroid energy, thus leading the emission band to shift to a longer wavelength (red-shift). However, this phenomena occurring in the range from ① to ② do not seem to be related with the luminescent results of TAG:Ce^3+^nanocrystals prepared by PLA, because the change of bond distance in regimes ① and ② cannot explain the blue-shifted luminescence observed in prepared TAG:Ce^3+^colloidal nanocrystals. Therefore, it can be concluded that the bond distance of the Ce^3+^in TAG decreased from regime ② into ③ as the crystal size decreased to nanoscale, and induced the rising of centroid and*t*~2*g*~energy levels. Consequently, the changes of energy levels in the centroid and*t*~2*g*~shifted excitation and emission spectra to a shorter wavelength as confirmed in Fig. [7](#F7){ref-type="fig"}. In the synthesis section, we revealed that the TAG:Ce^3+^colloidal nanocrystal prepared in LDA solution had smaller average crystallite size and a narrower size distribution than those prepared in de-ionized water. Therefore, blue-shift into shorter wavelength in luminescence of the TAG:Ce^3+^colloidal nanocrystals prepared in LDA solution compared to those prepared in de-ionized water, and bulk target can be explained well by this modified crystal field model.

Conclusion
==========

TAG:Ce^3+^colloidal nanocrystals were fabricated by an one-step simple route using PLA in de-ionized water and LDA solution for luminescent bio-labeling application. In LDA solution, the crystallite size and the standard deviation of crystallite size decreased, whereas emission intensity increased remarkably. This result indicated that anionic oxygen in the LDA molecules effectively occupied the oxygen vacancy sites on the surface of TAG:Ce^3+^colloidal nanocrystal by the charge matching with the positively charged colloidal nanocrystals. The origin of blue-shift in luminescence spectra was investigated in detail by a phenomenological model based on the covalency contribution to the crystal field splitting energy of Ce^3+^with decreasing of bond length. It is worthy that this is a new account of room-temperature synthesis of TAG:Ce^3+^colloidal nanocrystal using PLA in liquid media. Furthermore, the experimental evidences of blue-shifts in luminescence spectra can be helpful in understanding the nano-size effect on the 5d energy level of Ce^3+^-doped compounds.
